Abstract. We examine the relation between the current sheet as derived from observations of the Sun's neutral line, and recurrent particle increases associated with co-rotating interactions regions (CIR) at 4 to 5 AU radial distance as observed by the Ulysses spacecraft during its first out-ofecliptic orbit around the Sun. We compare observations during the ascent to high southern latitudes, close to solar maximum, with observations during the return to the ecliptic from high northern latitudes, close to solar minimum, when the spacecraft was passing from the streamer belt to high-speed solar wind flow or vice-versa every solar rotation, and when regular recurrent particle increases were observed. Although conditions are very different, we show that the position of the Sun's neutral line, propagated out to the position of the spacecraft, can be used to explain the recurrence of the particle increases observed at 4-5 AU at Ulysses.
Introduction
The formation of co-rotating interaction regions has been explained by Gosling et al. [1993] . In their model a band of slow solar wind from the coronal streamer belt, tilted at an angle relative to the solar equator, is surrounded by fast solar wind flow from the polar coronal holes. The tilt is caused by the tilt of the magnetic dipole relative to the solar rotation axis, and changes with different phases of the solar cycle. Fast solar wind overtakes the slow solar wind far from the Sun along interfaces which are inclined relative to the equator in the same sense as the original belt of slow wind, creating an interaction region. Forward and reverse waves propagate perpendicular to this interaction region, the forward wave into the slow solar wind (and hence to low latitudes), and the reverse wave into the fast solar wind (and hence to high latitudes).
In this paper we use Ulysses data study to these interaction regions and their effect on the energetic particles at different latitudes.
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Instrumentation
The observations presented here were taken by the Ulysses spacecraft and by the Solar Magnetograph of the Wilcox Solar Observatory in Stanford, California [Hoeksema et al., 1982] . Particle observations were made with the Low-Energy Telescope (LET) of the COSPIN instrument [Simpson et al., 1992] . Magnetic field observations were made with the Ulysses magnetometer [Balogh et al., 1992] , whilst solar wind measurements were made with the ion sensor of the Ulysses Solar Wind experiment [Bame et al., 1992] .
Observations
In Figure 1 we show a summary of our observations for the first complete orbit of the Ulysses spacecraft around the Sun. This orbit began on 8 February 1992 when Ulysses used the planet Jupiter to start its out-of-ecliptic journey, and ended on 17 April 1998 when Ulysses passed aphelion again.
In the top panel we the show the 1.2 -3.0 Mev proton and 8.4 -19 Mev/n alpha particle intensity. The next panel shows the solar wind speed. In the bottom panel we show the locus of the neutral line as measured on the Sun by the Wilcox Solar Observatory Solar Magnetograph and the heliographic latitude of the spacecraft.
The most interesting periods, from the particle acceleration point of view, were the two ∼ 1 year periods, labelled 1 and 2, when the spacecraft passed from the slow solar wind of the streamer belt to the high-speed solar wind flow of the polar coronal hole, and back, every solar rotation.
In Figure 2 we show twelve 26-day plots during Period-1, starting on 12 January 1993. In the left column we show the latitude of the current sheet at the spacecraft. We have allowed for the propagation out to Ulysses by assuming that the current sheet travels along the radial direction at a velocity of 400 km/s, and for the longitude of Ulysses by a rotation rate of 25.6 days. The solid line shows the track of the spacecraft. Also shown in red is the magnetic field magnitude. On the right hand side we show the 1.2 -3.0 MeV proton intensity and again, in red, the magnetic field magnitude.
During the first 4 rotations shown, 4 interaction regions per rotation were observed, which Smith et al. [1993] labelled a, b, c and d. These regions were associated with either forward or reverse shocks, or both. In the first rota- tion, Ulysses crossed over the current sheet once per rotation, and one dominant interaction region, labelled d, was observed. The main intensity increase was observed at interaction region d, where a reverse shock (shown by the red vertical line) was observed. The thick bar shows where the current sheet crossed over the position of the spacecraft, the possible location on the current sheet of the interaction regions. During rotations 9 -13, region d slowly diminished in strength. Region a, due to a new warp in the current sheet north of Ulysses, slowly increased in strength. By rotation 15, a substantial warp, shown by the second thick bar, had developed, which then dominated the shape of the current sheet. The smaller peak in the particle intensity, associated with region a, slowly grew in importance until by rotation 15, the major particle intensity peak was at region a instead of d. [Sanderson et al., 1994] . When the new warp first appeared (rotation 12) it did not coincide exactly in time with interaction region a. At this time Ulysses was above the current sheet, so that the the interaction region was probably far away from the spacecraft. The above process gave the illusion of a change of phase of the particle intensity peak, which could be taken as a periodicity different from the ∼ 26 day periodicity observed for the individual interaction regions. However, we find no evidence for any major deviation from the ∼ 26 day periodicity, other than small drifts eastwards or westwards of the interaction regions due to the movement of the active regions on the Sun.
In Figure 3 we show the return from the northern Polar Regions to the ecliptic with from top to bottom, the 1.2 -3.0 Mev proton intensity, the 1.0 -5.0 MeV/n alpha intensity, the proton to alpha ratio at ∼ 1 Mev, the solar wind speed, the position of the current sheet at the Sun, and the spacecraft heliographic latitude.
At the start of 1996, particle increases began to be seen again as Ulysses was descending towards the current sheet after the northern polar pass. The first four peaks of 1996 were observed with a period of ∼ 26 days. New peaks, with a different phase, but still with period ∼ 26 days were observed starting at the end of May 1996, with no significant interaction regions. The first encounter with lower speed flow started around 1 September. Thereafter, 11 excursions in and out of the low-speed flow were observed, which we have labelled 1 to 11 in reverse order, following the convention used by Bame et al. [1993] . This culminated in complete immersion in the slow speed flow of ∼ 375 km/s in mid-1997. Transient events, shown by vertical arrows, can easily be identified by their somewhat higher (∼ 50-80) proton to alpha ratio than the CIR events. Thin vertical bars spaced every 25.6 days are included to show the regularity of the first 4 peaks, and thick vertical bars with a different phase to show periodicity of the other peaks.
During all this time, the latitude of the spacecraft was slowly decreasing, reaching in September 1996 the position of the current sheet, as projected out to the position of the spacecraft [Forsyth et al., 1997] . Ulysses finally entered full immersion in slow speed flow in July 1997, the slow decrease in the northern extension of the current sheet just about matching the decrease in latitude of the orbital position.
In Figure 4 we show a similar plot to Figure 2 to cover the return from northern latitudes to the ecliptic. In the first 4 rotations, 20, 19, 18 and 17, peaks in the particle intensity can be observed recurring with a periodicity of ∼ 26 days. Ulysses was far from the current sheet at this time and not encountering the local interaction regions, and so these particles must have been accelerated at some remote site. These particle increases, with rounded intensity-time profiles, are typical of the increases observed when no local Figure 2 . Twelve solar rotations, each of 26 days, starting on 12 January 1993. In the left column we show, in blue, the expected latitude of the current sheet at the position of the spacecraft. In black we show the position of the spacecraft, whilst in red we show the magnitude of the magnetic field. In the right column we show, in blue, the 1.8 -3.8 MeV proton intensity. Vertical lines show the observed times of reverse shocks, whilst solid bars show the expected positions of the interaction regions using the model of Gosling et al. [1993] . shock or compression region was seen. The solid red bars show the possible location of the interaction regions far away from the spacecraft.
In rotation 15, a new peak in the particle intensity appears, but at a different phase, coincident with a change in the shape of the current sheet. At this time, a new warp in the current sheet appeared, shown with a second bar, increasing in strength and dominating the shape of the current sheet over the remaining rotations. An animation showing this warp propagating outwards can be found in the electronic supplement, http://earth.agu.org/GRL/articles/ 1999GL900348/current sheet.html.
The spacecraft started to enter the low-speed flow around rotation 11, and interaction regions started to appear, as did forward and reverse shocks, and the associated peaks in the particle increases. During rotations 15 down to 6, the particle increases stayed at approximately the same phase, implying a periodicity of ∼ 26 days, the pattern of increases following closely the crossing of the current sheet.
Again, we see no evidence for any other periodicity than the ∼ 26 day period seen in the southern pass. Rather, we observe an evolution of the current sheet on the Sun which just like the observation in Period-1 controls the recurrence of the interaction regions and hence the peaks in the particle intensity profiles.
Discussion and Conclusions
During the passage from the ecliptic to southern latitudes, the spacecraft crossed the current sheet only once per rotation, despite the fact that at times the sheet had an almost sinusoidal form with a period of around half a solar rotation. This shape was due to a warp that had the right phase and amplitude to change the otherwise flat but tilted current sheet. At Ulysses, a 2-sector field structure was observed, with four interaction regions per rotation, a mix of forward and reverse shocks, and a compound high-speed flow structure. A very regular pattern of particle increases was observed showing a single broad enhancement per rotation, with one dominant peak, the phase changing very slowly as the dominance of one interaction region took over from another.
A completely different current sheet was observed during the passage from northern latitudes back to the ecliptic. A differently shaped and phased warp and a smaller dipole tilt gave rise to an asymmetric two-sector structure at Ulysses with the spacecraft staying above the current sheet for about twice as long as below. A regular pattern of particle increases was seen. In May 1996, a dramatic change to the shape of current sheet changed the phase of the increases, when, just like during the first period, one interaction region took over in importance from the other, changing dramatically the phasing of the increases.
The observations were made under widely differing conditions. Period-1, the ascent to high southern latitudes was in solar cycle 22 when the dipole tilt was large, whilst Period-2, the return to low latitudes was during the early phase of solar cycle 23 when the dipole tilt was small. Nevertheless we observe the same features in both periods. Interaction regions, coming from the interaction of the high-speed streams with the low speed streams propagate past the spacecraft, as in the model of Gosling et al. [1993] . The timing and strength of these interaction regions changes as the dipole tilt changes, as the warps in the current sheet slowly change in amplitude, and as the position of the spacecraft changes relative to the current sheet. This is followed by corresponding changes in the phase and amplitude of the peaks in the particle intensity profiles, which give rise to the pattern of particle increases seen at Ulysses.
